The intensive genetic and molecular characterization of eukaryotic systems from maize to yeast to mice has led to the discovery in each species of a variety of mobile genetic elements with different structures and different transposition mechanisms (for an overview, see ref. 1). In the soil nematode Caenorhabditis elegans the transposon Tcl was originally identified as the cause of a polymorphism between two worm strains (2, 3) . The Tcl element has several interesting properties, including copy number differences between strains (2, 3), a high rate of somatic excision activity (4) , an extrachromosomal form that may be an excision product and/or transposition intermediate (5, 6) , and different rates of germ-line transposition in different strains (7) (8) (9) . In addition, the use of the transposon as a "tag" and marker has made it possible to clone developmental genes for which there are no probes (10, 11) .
The mechanisms that regulate germ-line transposition of TcJ are not understood. Genetic determinants called mutator loci that influence germ-line activity have been identified and mapped (7, 9) but have not been characterized on the molecular level. Because Tcl elements are active in the germ line of some strains and inactive in others, and because the coding capacity of Tcl is not large (12) , it has been suggested that Tcl might be regulated as part of a two-element system similar to the Ac/Ds system in maize (13, 14) . In such a system, activity is dependent on the presence of a complete copy of the transposon (a so-called "control" element or "master" element) that has sufficient coding capacity to supply transposition functions in trans to smaller, deleted elements.
We have identified a second C. elegans transposon in experiments designed to search the C. elegans genome for a Tcl control element. Although the second element does not in fact appear to regulate Tcl, our data suggest that the germ-line activity of both transposons may depend upon the same genomic factors.
MATERIALS AND METHODS
Nematodes. C. elegans strain Bristol (N2) was obtained from D. Hirsh (University of Colorado). Bergerac BO was from the Caenorhabditis Genetics Center (University of Missouri). The other strains shown in Fig. la were from the collection of R. Russell and were sent to us by W. Sharrock (University of Minnesota). The Bristol/Bergerac BO recombinant strains used in this study were constructed by I. Mori, D. Moerman, and R. Waterston (15) (see legend to Fig. 4) .
Southern Hybridization Experiments. DNA isolation and Southern hybridization were carried out following published procedures (2) . DNA digested with EcoRV, EcoRI, orBamHI was separated by electrophoresis on 0.6% agarose gels at a concentration of 6 Izg per lane. Hybridization probes were labeled RNA generated with either T7 or SP6 polymerase (16) .
Isolation of Clones from Genomic Libraries. Genomic clones carrying Tc2 were isolated from clone banks of Bristol and Bergerac BO DNA using plasmid pCe1022 as the probe (see Results for description of pCelO22). The Bristol library was constructed in a A1059 vector by Emmons et al. (2) . The Bergerac BO library, also in A1059, was provided by C. Link (Denver University).
Cloning of a Restriction Fragment Carrying Tc2. Genomic DNA from the Bergerac BO strain was digested with restriction enzymes EcoRV and Xba I and electrophoresed on a 0.8% agarose gel with size markers. DNA was electroeluted from a gel slice containing DNA fragments of 3-6 kilobases (kb) (molecular size) and ligated into a pSP65 vector (16) to produce a clone bank. A plasmid containing a 4.0-kb EcoRVXba I fragment with Tcl-hybridizing sequences was identified in the clone bank with plasmid pCelO12 as the probe (see legend to Fig. la for description of pCelO12) .
Cloning a Transposed Copy of Tc2. Our first attempts to clone a recently transposed copy of Tc2 using enzymes that do not cut within the Tc2 sequence (i.e., BamHI, Pst I, or EcoRV) did not meet with success. After extensive screening of plasmid libraries, we identified only a single poorly growing bacterial clone with a rearranged insert. To overcome this problem, a partial Tc2 element was cloned, starting from an EcoRI restriction site inside the transposon and ending at an EcoRI site in flanking DNA. An EcoRI restriction fragment of 3.3 kb that was present in strain RW7406 but not in Bristol or Bergerac BO was identified and cloned in plasmid pGEM-1 (see Fig. 5a , lane 3, large arrow). When DNA flanking the partial Tc2 element in this fragment was used to probe an EcoRV digest of genomic DNA from strain RW7406 (see Fig. 5b , lane 1), it hybridized to the 8.9-kb "nonparental" EcoRV fragment previously identified in that strain (see Fig. 4a, lane 8) . Therefore, we concluded that the 3.3-kb EcoRI fragment contained a partial copy of the same Tc2 element that is located within the 8.9-kb EcoRV fragment of strain RW7406. 
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the Tcl transposon that might function as the autonomous component of a two-element system (14) . The experimental design took advantage of the facts that Tcl contains an EcoRV site within each of its inverted terminal repeats (diagram, Fig. la) and that almost all Tcl elements are the same size. When genomic DNA from any C. elegans strain is digested with EcoRV and probed in a Southern hybridization experiment with a TcJ sequence, an intense band of 1.6 kb is detected, representing multiple individual copies ofTcl. This makes it possible to identify variant Tcl elements as restriction fragments with other mobilities.
An example of such an experiment is shown in Fig. la. Genomic DNA from 11 C. elegans strains was digested with EcoRV and probed with TcJ. Lanes 1-5 contain DNA from C. elegans strains that have -300 genomic copies of Tcl, whereas lanes 6-11 contain DNA from strains with about 30 copies ofTcJ. Of the 5 high-copy-number strains, 2 (Bergerac BO and Bergerac SH, lanes 1 and 5) exhibit detectable rates of germ-line transposition for Tcl, 2 (DH424 and Bergerac FR, lanes 2 and 4) show no activity, and 1 (Bergerac DO, lane 3) has not been tested (7) . Of the low-copy-number strains, 3 show no activity (Bristol, PA-1, and PA-2), and 3 have not been tested (GA-1, GA-4, and Pac-1) (7).
All 11 strains contain restriction fragments that hybridize to Tcl and migrate faster than 1.6 kb (Fig. la, all tive pattern, with six fragments present in Bristol (lane 3) and :20 fragments detected in the other three strains (lanes 1, 2, and 4). All 11 strains shown in Fig. la were reprobed with pCelO22. All of the high-copy-number Tcl strains contained 20-25 copies of the repetitive sequence, whereas all of the low-copy-number Tcl strains contained 4-6 copies of the new sequence ( Fig. 2 ; unpublished data).
Tc2 Elements Are Polymorphic in Structure. Individual copies of Tc2 were cloned from genomic libraries of Bristol and Bergerac BO and analyzed by restriction mapping ( Fig. 3 ). The other clone contained a single intact copy of Tcl located within 2 kb of a Tc2 element (phage 0, Fig. 3 ).
Restriction maps of five phage clones carrying copies of Tc2 are diagrammed in Fig. 3 . The sequences underlined in white hybridize to each other, and the sequences underlined in black hybridize to each other. As indicated in Fig. 3 (15) in experiments that map the mut loci from the Bergerac BO strain. As mentioned above, mut loci are genetic determinants that are required for germ-line transposition of Tcl and for reversion of Tclinduced mutations (7, 9) . The construction of Mori et al. (15) was as follows. First, the strain RW7037 was established by Bergerac FR, and a series of homozygous Bristol/Bergerac BO recombinant strains was digested with restriction enzymes and hybridized to Tc2 (pCelO22). In the strains labeled "Active," a Tcl-induced mutation at the unc-22 locus reverts at a rate of 1-5 x 1O-4. In the strains labeled "Inactive," such mutations have undetectable reversion rates (<5 x 1O-7) (15) . Activity of Tcl at the unc-22 locus is known to be correlated with a general activation of Tcl in the germ line. (a and b) DNA was digested with EcoRV. (c) DNA was digested with BamHI. The recombinant strains shown were constructed by Mori et al. (15) . Strain RW7037 (b and c) was isolated from the progeny of a cross between a Bergerac BO hermaphrodite and an unc-22(st136::Tcl/+) male with a primarily Bristol background (15) . It was determined by genetic analysis that strain RW7037 had inherited a single mutator locus on chromosome I from the Bergerac parent (the mut4 locus) (15) . The eight recombinant strains in a were established from the progeny of a single cross between an RW7037 hermaphrodite and a Bristol male carrying the dpy-S mutation on chromosome I (15) . Half of the strains in a (RW7400, RW7401, RW7405, and RW7406) are mut4(+) dpy-S(-), and half of them (RW7409, RW7410, RW7414, and RW7415) are mut4(-) dpy-S(+). In b, strains RW7421, RW7419, RW7435, RW7456, RW7438, and RW7080 were derived from the progeny of RW7037 hermaphrodites crossed with Bristol males carrying other markers on linkage group I. Of these, RW7419, RW7436, and RW7438 are mut4(+), RW7080 is mut-4(+); mut-S(+), and RW7421 and RW7435 are mut(-) (ref. 15 ; I. Mori, D. Moerman, and R. Waterston, personal communication). The mut-5 locus appeared spontaneously in RW7080, apparently by transposition of mut4 (15) . RW7455 was derived from a cross between an RW7438 hermaphrodite and a dpy-S Bristol male, and RW7456 was derived from a cross between an RW7080 hermaphrodite and a Bristol male. RW7455 is mut-4(+) and RW7456 is mut-S(+) (15) . After each cross, homozygous strains were established by propagating single animals by self-fertilization for three to five generations (15) . Each generation was started from a single worm with the unc-22 ("twitcher") phenotype. In the process, any unselected allele at a heterozygous locus (including a filled transposon site) has a 50%6 chance of being eliminated. Finally, the stability of Tcl at the unc-22 locus was assessed to determine whether each strain carried mutator activity (15 crossing a hermaphrodite from a Tcl-active strain (Bergerac BO) with a male from a Tcl-inactive strain (Bristol). A homozygous recombinant strain was established by selecting a single member of the F1 and subsequent generations and propagating these by self-fertilization (see the legend to Fig.  4 ). Genetic analysis showed that RW7037 inherited from the Bergerac parent only one of the mutator loci, mut4, which is near the dpy-5 locus on linkage group I (15). An RW7037 hermaphrodite was crossed to a dpy-5 Bristol male, and a series of homozygous strains were established from the F1 generation as before (Fig. 4a) . Some ofthese strains inherited the mut4 locus from the RW7037 parent, whereas others inherited the dpy-5 locus from the Bristol parent. None of the dpy-5 strains carried mut-4 (15) . Fig. 4a shows a Southern blot hybridization of genomic DNA from eight recombinant strains together with genomic DNA from the parental strains and Bergerac FR, a highcopy-number Tcl strain with no mutator activity. Strains labeled active are mut-4(+) dpy-5(-) and have detectable rates of germ-line transposition and excision ofTcl, whereas strains labeled inactive are mut-4(-) dpy-5(+) and have rates ofgerm-line excision of <1o-7. The genomic DNAs shown in Fig. 4a were digested with EcoRV and hybridized to a Tc2 probe. As can be seen in lanes 7 and 8, recombinant strains RW7405 and RW7406 contain two restriction fragments, 8.9 kb and 6.0 kb (indicated with arrows), that are not present in genomic DNA from either the Bristol parent (lane 9) or the Bergerac BO parent (lane 10). One of these fragments was shown to have resulted from transposition of a Tc2 element, as follows.
A. 3.3-kb EcoRI subfragment of the 8.9-kb EcoRV fragment shown in Fig. 4a 5b, lanes 2 and 3), which are 2.1 kb smaller than the corresponding 8.9-kb fragment in the recombinant strain (lane 1). Since no EcoRV fragments of 6.8 kb are detected when genomic DNA from the parental strains is probed with Tc2 itself (asterisk, Fig. 4a ), we conclude that the 8.9-kb fragment in strain RW7406 differs from the corresponding fragments in the parental strains by the insertion of a Tc2 element of 2.1 kb. As both parental strains contain the same fragment, the new fragment cannot be the result of recombination. We conclude that a member of the Tc2 family has transposed into this site in the recombinant strain and the Tc2 elements must therefore be active transposons.
Tcl and Tc2 May Respond to the Same Genomic Factors. Additional restriction fragments were present in recombinant strain RW7419 ( an EcoRV fragment of 10.8 kb, Fig. 4b , lane 6) and strain RW7037 (a BamHI fragment of 5.9 kb, Fig. 4c,  lane 1) . Altogether, therefore, four nonparental fragments were found in screening 17 recombinant strains using two restriction enzymes.
Interestingly, all of these fragments were detected in strains retaining the mut-4 locus, and none was found among the strains that lack mut-4. Assuming that all of these fragments are due to Tc2 transposition events, this suggests that Tc2 activity, like Tcl activity, may be affected by the presence of mut-4. Coregulation of Tcl and Tc2 is also suggested by the complete correspondence of strains containing elevated numbers of Tcl and Tc2 elements ( Fig. 2 ; unpublished data).
One possible explanation for a relationship between Tcl and Tc2 activity is that mut loci are in fact Tc2 elements, especially in view of the fact that Mori et al. (15) have shown that mut loci can transpose. However, such a correspondence between Tc2 elements and mut loci is highly unlikely in view of the data presented here. No Tc2 homologous restriction fragment could be found that is present in all strains harboring mut-4 and absent from all strains lacking this locus (Fig. 4) .
The lack of correlation between Tc2 and the mut loci is also evident when the RW7080 and RW7456 strains are examined as a pair (Fig. 4b, lanes 4 and 5) . Strain RW7080 contains two mut loci, mut-4 on linkage group I and mut-5 on linkage group II. mut-5 is thought to be a transposed copy of mut-4 (15) . Strain RW7456 is the progeny of a cross between an RW7080 hermaphrodite and a Bristol male and lacks mut-4 but has inherited mut-5 (15) . Ifmut loci were Tc2 elements, we would expect to see a different Tc2 restriction fragment in strain RW7080 that corresponds to mut-5. In addition, we would expect to see this fragment retained in strain RW7456, whereas another was lost, corresponding to mut-4. Neither of these predictions is borne out. Since the number of Tc2 fiagments in these strains is small, it seems unlikely that such changes in the Tc2 fragment patterns would have been missed.
DISCUSSION
Transposon mutagenesis as a means of cloning genetically defined loci involves the molecular analysis of spontaneous mutations, which in some C. elegans strains are chiefly caused by insertional mutagenesis by transposons (10, 11) . This method requires the prior availability ofcloned members of active transposon families. Previously, the active transposon family Tcl has been described in C. elegans (2, 3, 8, 10) . We describe here a second family of transposons called Tc2 elements that are active in the germ-line of some worm strains.
Properties of Tc2. The Tc2 elements of C. elegans are notable for their high degree of sequence polymorphism, their copy number differences among strains, and their high rate of germ-line transposition. The significance of the first prop-erty, the sequence diversity of the Tc2 element family, is not yet clear. It may be due to a preponderance of rearranged, inactivated copies of the elements [as is true of the LINE elements of mice (18) and the IR elements of Drosophila (19) ] or of incomplete copies with conserved ends that may be mobilized when an intact element is also present [as is found for the AciDs elements in maize (14) and the P elements in Drosophila (20) ].
The transposed copy of Tc2 identified in Fig. 5 has an apparent length of 2.1 kb. This agrees well with the average size of the heterogeneous copies that have been mapped with restriction endonucleases (Fig. 3) . This active copy of Tc2 may be an autonomous transposon, or it may require the presence of a master element for movement. The analysis of the DNA sequences of different Tc2 copies may allow us to distinguish between these possibilities.
Tcl and Tc2 Are Separate Transposon Families That May Be
Co-Regulated. Our cloning and mapping data indicate that the Tcl and Tc2 transposons are physically distinct sequence families that do not cross-hybridize. We found that all of the high-copy-number Tcl strains contain 20-25 copies of Tc2, whereas all of the low-copy-number strains contain 4 or 5 copies of Tc2, suggesting that the two elements have amplified in concert in the high-copy-number strains. This finding raises the possibility that there may be a regulatory relationship between the two transposons. One element may be controlling the other, or both elements may be regulated by the same genomic factors. Our experiments do not support the hypothesis that Tc2 elements can be identified with the mut loci that control the activity of Tcl (7, 9) . No single member of the polymorphic Tc2 family is linked with mutator activity (Fig. 4) . However, our data are consistent with the idea that the mut-4 gene that activates Tcl may affect Tc2 as well. The finding by Mori et al. (15) that mut-4 is itself a transposable element makes this an especially attractive possibility, since the controlling elements in maize and Drosophila are known to be autonomous transposons. However in those cases the controlling element usually has detectable sequence similarity with the elements it regulates, and our data suggest that Tc2 and mut-4 are not crosshybridizing sequences. It remains to be determined by molecular cloning whether the mut loci are a subset of Tcl elements or whether they are a separate transposon family, distinct from both Tcl and Tc2.
Tc2 Is Highly Active in the Bristol/Bergerac BO Recombinant Strains. Transposition of Tc2 in the recombinant strains was frequent enough to be detected by blot hybridization, without a selective assay. Four of 17 (or 23.5%) of the recombinant strains contain Tc2-homologous restriction fragments not present in either parent. We have shown that one of these fragments has arisen by insertion of Tc2 and assume that the others have as well. This number may be an underestimate for two reasons. (i) Some Tc2 restriction fragments may not be resolved in either an EcoRV or a BamHI restriction digest, so some transposition events may have been missed. (ii) The manner in which the recombinants were constructed causes half of the unselected alleles at heterozygous loci (including transposon insertions) to be crossed out (see the legend to Fig. 4 ). Although these observations involve a small number of events, it appears that Tc2 is significantly active in the recombinant strains.
Cause of the High Tc2 Transposition Rate. A number of explanations may account for the activity of Tc2. Some C. elegans strains maintain high frequencies of Tcl transposition (7) (8) (9) . The reason for the sustained activity in these strains, which may activate Tc2 as well as TcJ, is not known.
In other examples, such high rates of transposition tend to arise in an episodic fashion, usually in response to environmental factors (21) or as a result of matings between "dysgenic" strains (20) . For instance, in the case ofthe P elements of Drosophila, a transient burst of transposition can occur when a male from a P strain is crossed with a female from an M strain. The P strain carries inactive copies of the P elements that are activated (or derepressed) in the offspring of the interstrain cross (20) .
It will be of interest to determine whether the high rate of Tc2 activity is an inherited property of the mutator strains or is a transient effect due to some other factor, such as a dysgenic cross between a Bergerac BO hermaphrodite and a Bristol male [or between a mut(+) and a mut(-) strain]. The fact that no spontaneous insertions of Tc2 into genes have so far been detected (7, 10, 11, 22) could be simply statistical, or it could be because Tc2 has strong preference for certain target sequences or because interstrain crosses are necessary for mobilization of Tc2.
